The effects of seven matching parameters of a fuel injector and combustion chamber geometries on 9 nitrogen oxide (NOx), soot and specific fuel oil consumption (SFOC) were investigated by means of a parametric 10 study. The study was carried out on four different engine loads, i.e. L25 (25%), L50 (50%), L75 (75%) and L100
Nomenclature
automotive diesel engines, marine diesel engines exhaust much lower CO, CO2 and HC 26 emissions, and conversely generate severely deteriorated NOx emissions. As a result, the IMO 27 expressly referred to the NOx emissions in the revised Annex VI of MARPOL (Pueschel et al., 28 2013), as shown in Table 1 . Tier II NOx emission regulation came into force for engines 29 mounted on a ship constructed on or after 1 January 2011. It stipulated the reduction of NOx 
37
In view of the challenge posed by stringent emission regulations, some existing technologies 38 are applicable, for example, the EG), the SCR, the 2-stage TC system together with an extreme 39 bowl volume are beneficial to lowering emissions. Mobasheri and Peng (2012) investigated 75 the influence of a re-entrant combustion chamber geometry on the mixture formation process, 76 combustion process and engine performance of a high-speed direct injection diesel engine. 77
They designed thirteen combustion chambers with different shapes by adjusting the piston 78 goemetries, i.e. bowl depth, width, piston bottom surface and lip area. The results indicated 79 that a small bowl diameter leads to high soot emissions, yet also implied that an optimal 80 operating point was obtained with a slightly larger bowl diameter. Chen and Lv (2014) used an 81 orthogonal design method in order to study the injection-related parameters match with three 82 combustion chamber geometries for an 8.9 L Cummins diesel engine. Then, a NLPQL 83 algorithm was adopted in order to optimise the detailed combustion chamber geometries. 84
85
Since most researchers invested their efforts and resources on the optimisation of automotive 86 engines, little work has been conducted in relation to on marine medium-speed diesel engines. 87
The effects of the injection-related parameters and combustion chamber parameters on 88 emissions and fuel consumption were extensively studied, but no feasible solutions were 89 identified on how to find a specific optimum which meets the emission regulations with the 90 best fuel economy. Besides, optimal combustion chamber geometries may vary from engine 91 type to engine type, due to the individual engine specifications and the match status of fuel 92 injection systems with combustion chamber geometries. 93
94
In this paper, the HPCR fuel injection system match with the combustion chamber geometry 95 of a marine medium-speed diesel engine was carefully investigated. The HPCR fuel injection 96 system was designed and produced in order to replace the original mechanical fuel injection 97 system mounted on the case marine medium-speed diesel engine (MAN 6L 16/24). It sought 98 to meet a more stringent emission regulation and to also improve fuel economy. In the first 99 place, a parametric study was carried out in order to get a general idea of how these design 100 parameters affect the emissions and fuel economy. In the second place, MOGA algorithm was 101 used in order to employ a set of optimal designs and operational parameters. Finally, an optimal 102 design which meets the IMO Tier II emission regulations while maintaining a suitable fuel 103 economy was selected. The complete optimisation scheme is shown in Fig. 1 . 104 105 where the design parameters need to be set as global variables for multi-objective study. 126
Thirdly, the selected parameters were varied in the Fire DVI software, where the previously 127 calculated CFD model was loaded and the response objectives were defined. Subsequently, the 128 Fire Design Explorer software was invoked, where the design variables and their variation 
Engine specifications 133
The main geometric and performance specifications of the marine medium-speed diesel engine 134 are presented in Table 2 . The engine is an in-line, 6-cylinder and four-stroke diesel engine. Its 135 rated speed and power are 1000 r/min and 540 kW, respectively. The spray orifice distribution 136 of the original injector of the mechanical fuel injection system is 9*0.28 mm. The original fuel 137 injector was replaced by an electronic fuel injector of 9*0.23 mm in the HPCR fuel injection 138 system. 139 140 
Model verification 143
The verification was executed at the rated engine speed and under four different engine loads, 144
i.e. under the condition of 1000 r/m at the L25, L50, L75 and L100 loads. In order to improve 145 the convergence at the beginning of the calculation, the initial calculation step is set to 0.2 deg9 CA. Then, 1 deg CA is adopted at the compression stroke in order to accelerate calculation and 147 save time as well. However, at the injection stage, the precision is emphasised by reducing the 148 calculation step to the 0.2 deg CA again. In the expansion combustion stage, the 0.5 deg CA 149 calculation step is adopted. The mesh of the original combustion shape at TDC is shown in Fig.  150 2. 151 152 The aforementioned discussion indicates that the engine simulation model developed under 177 FIRE can be used in order to simulate and predict the engine's performance when it is matching 178 with a common rail injection system. 179 4 Parametric study 180 Injection-related parameters refer to the injection timing, the spray angle, the swirl ration and 181 the nozzle protrusion length, whereas the combustion chamber geometry parameters refer to 182 the bowl diameter, the toroidal radius and the centre crown height. The variation ranges of the injection-related parameters and the combustion chamber 191 geometries used for the parametric study and for the match optimisation are listed in Table 3 . 192
The simulation steps are only useful in the parametric study. The baseline design in this 193 instance refers to the original engine with its mechanical fuel injection system being replaced 194 by a HPCR fuel injection system. The fuel injector orifice is also changed from 9*0.28 mm to 195 9* 0.23 mm, whereas other parameters remained the same as in the case of the original engine. 196
The NOx emissions, soot emissions and SFOC are the three objectives to be minimised. 197 198   Table 3 Variation ranges of the parameters used for the parametric study and for the match optimisation With regard to the soot emissions, these rise quickly when the nozzle protrusion length 239 becomes larger than 2.5 mm on L25 and L50 loads, while keeps nearly the same on L75 and 240 L100 loads. As the nozzle protrusion length increases, the injection spray targets the bottom 241 area of the bowl. From this point, the effect of increasing the nozzle protrusion length is the 242 same as decreasing the injection angle. More specifically, the distance between the injector and 243 the piston surface exposed to the injection direction becomes shorter, which means that more 244 fuel hits and adheres to the surface of the piston bowl. The fuel on the piston surface is difficult 245 to be burned completely and is then exhausted as soot emissions. Therefore, increasing the 246 nozzle protrusion length increases the soot emissions and the SFOC, but reduces the NOx 247 emissions slightly, since the low temperature suppresses the NOx formation in the combustion 248 process. 249
250
The effects of swirl ratio on the emissions and on the fuel consumption are also not negligible. 251
The NOx emissions increase in line with the increase in the swirl ratio at high loads (L75 and 252 L100 loads). However, the NOx emissions remain nearly the same at low loads. For soot 253 emissions, an increasing trend is observed as the swirl ratio increases. The SFOC reports an 254 increasing trend at low loads. However, the SFOC is not affected much by the swirl ratio at 255 high loads. In theory, a strong swirl reduces the ability of the fuel penetration, however, when 256 the swirl is too strong, this can be unfavourable for ignition, which in turn delays the 257 combustion process. Thus, some fuel is incompletely burned off before being exhausted, which 258 causes high soot emissions and SFOC. However, a moderate swirl ratio promotes the fuel-air 259 mixing, which is better for reducing soot emissions and SFOC. 260 the increase in the bowl diameter and reach a peak when the bowl diameter is 120mm before 270 they gradually decline. An opposite trend is witnessed for the SFOC. With regard to soot 271 emissions, they were little affected by the bowl diameter at the L100 load. Soot emissions 272 decrease in line with the increase in the bowl diameter and meets a valley when bowl diameter 273 is 120 mm, then increase to nearly three times of their original value. A small bowl diameter 274 means that more fuel hits on the surface of the piston and adheres hereto, thus, some fuel is not 275 able to evaporate and atomise in time, which leads to an incomplete combustion. This explains 276 why soot emissions and SFOC were high when the bowl diameter was small. At the same time, 277 the low maximum temperature of the incomplete combustion circumstance is unfavourable for 278 the formation of NOx emissions. When the bowl diameter increases, the incomplete combustion 279 alleviates, the temperature rises, soot emissions and SFOC decrease and NOx emissions 280 increase at the same time. This trend reverses when the bowl diameter is larger than 120mm. The parametric study indicates the impacts of the injection-related parameters and the 302 combustion chamber geometries on emissions and fuel consumption independently. It is easy 303 to find the best value for each parameter under such conditions, however, whether these best 304 parameters would form a good design or not still remains uncertain. Under these circumstances, 305 a further study was carried out using a global optimisation method referred to as MOGA in 306 order to seek an optimal design, which meets the IMO Tier II emission regulations and which 307 has the best fuel economy. The optimisation study was conducted only at L100 load due to the 308 time consuming CFD calculation process. 
Optimisation method 312
The GA is based on the idea of the natural selection which obeys the law of 'survival of the 313 fittest'. It can continually improve the average fitness level of a population by means of 314 inheritance, mutation, selection and crossover. Eventually, the optimisation process leads to an 315 optimal design (Senecal et al. 2002) . MOGA is the modification version of the GA in order to 316 find a set of multiple non-dominated solutions in a single run (Konak et al., 2006) . 317
318
The Pareto optimum is often adopted in the case of a multi-objective optimisation process, as 319 shown in Fig. 9 . Cases A-D can be considered as Pareto optimal cases due to the fact that none 320 of them outperformed by the other cases. These cases can be grouped together in order to form 
Optimisation settings 330
The variation ranges of the parameters are the same with the ones used in the parametric study, 331 as shown in Table 3 . The optimisation settings of the MOGA method are listed in Table 4 . The 332 distribution for the crossover and for the mutation probabilities are both set as the default value 333 10. The generation number of 10 and the population size of 20 are adopted here. This means 334 that a total of 200 cases are generated and calculated by means of the MOGA method. Usually, 335 the crossover probability and mutation probability are set to 0.7 and 0.1, respectively. 336 337 From the figure, it can also be noticed that even the best NOx design point still cannot meet the 345 IMO Tier III regulation, which requires the NOx emissions to be lower than 2.26 g/kWh for the 346 case engine. 347 Fig. 12 shows that the optimums D and E perform well in NOx emissions which meet the IMO 367
Tier II emission regulations. Conversely, the optimum C fails, despite having the lowest soot 368 emissions and SFOC, as shown in Fig. 13 and Fig. 14 . Optimum D and optimum E show 369 negligible differences in soot emissions and SFOC at the L100 load, but optimum D performs 370 poorly in other engine loads, i.e., soot and SFOC increase greatly with the decrease in the 371 engine load. On the contrary, optimum E behaves steadily and thus constitutes to be the best 372 choice. 373 than that of the baseline design and of the optimum E. It leads to a higher combustion 388 temperature which is favourable for the NOx formation, and thus the NOx emission level is 389 higher than the baseline and the optimum E design, as shown in Fig. 15 (a) and (d) . In the case 390 of optimum E, the rate of heat release lasts longer, which means that the highest temperature 391 in the combustion chamber is lower than the baseline design. Lower temperature suppresses 392 the formation of NOx, and as a result, the NOx emission level is the lowest among the three 393 designs. The soot formation of the baseline design is much higher than other designs, answers 394 can be obtained the form Fig. 16 , which indicates that at 60 degrees after the TDC, there is still 395 a large quantity of fuel gathering around the piston bowl area and the top surface of the 396 combustion chamber. It led to an incomplete combustion, and also to the high soot formation 397 and high SFOC. On the contrary, optimum E gained a more homogeneous fuel distribution, 398 which helps reduce the soot formation. 
Conclusions

407
The parametric study was conducted in order to investigate the effects of four injection-related 408 parameters and three combustion chamber geometries on NOx emissions, soot emissions and 409 SFOC respectively. Then, the MOGA method was introduced in order to find an optimal design 410 which meets the IMO Tier II emission regulations and meanwhile has the best fuel economy. 411
In this instance, the performance of three selected Pareto designs C, D and E of the L100 load 412 were compared and examined under the other L75, L50 and L25 engine loads. The optimum E 413 outperforms other selected Pareto designs. Finally, the original, baseline and optimum E 414 designs were extensively compared in details in order to dig the reasons why optimum E 415 performs better. The main conclusions are listed as follows: 416
417
(1) Injection-related parameters have more significant impacts on the objectives as opposed to 418 the combustion chamber geometries within the research scope. 419
(2) Injection timing has the greatest impact on the objectives, especially on the NOx emissions. 
